Parathyroid extract (PTE), dibutyrylcyclic AMP (dbcAMP), adenosine cyclic 3':s'-monophosphate (CAMP), calcitonin (CT), and calcium chloride were infused separately into anesthetized, sham-operated, or TPTX vitamin D-fed adult rats to examine the effect of these calciotropic agents on fractional excretion (FE) of a-aminoisobutyric acid (AIB). and phosphate anion (Pi). AIB is a nonmetabolizable amino acid.
the TPTX rat; furthermore, it was the only agent that did not increase FEp, in the TPTX rat although it had hypocalcemic and hypophosphatemic effects. Changes ininulin clearance or plasma concentration of AIB, following infusion of calciotrovic agents, do -.
not explain the unique responses in FEAIB in the TPTX rat.
Our findings suggest that hyperaminoaciduria induced by parathyroid hormone and cyclic nucleotide in the intact animal may be mediated by CT. Hyperphosphaturia is not a necessary response to small-dose (25 milliunits/kg* hr) infusions of CT.
Speculation
Intracellular calcium in renal epithelium may be the final determinant of hyperaminoaciduria in hyperparathyroidism.
Net renal tubular reabsorption is impaired in man in the presence of vitamin D or primary calcium deficiency and in primary hyperparathyroidism (37) . The tubular dysfunction includes excessive phosphaturia and aminoaciduria (17, 28, 33) . bicarbonate loss (38, 39) . and increased excretion of other solutes normally reabsorbed by the proximal tubule (12) .
The origin of the tubulopathy is unknown. Alterations in renal hemodynamics (37, 38) or permeability characteristics of the proximal tubule (30, 31) related to an excess of PTH (1, 26) or cAMP (51, 52 ) may be responsible. However, excess PTH does not uniformly evince impaired reabsorption of solute. For example, there is no hyperaminoaciduria in two-thirds of patients with primary hyperparathyroidism (14) . Muldowney el al. (39) noted no increase in amino acid excretion after giving PTE to normal subjects, and of four subjects with endogenous hyperparathyroidism or infused with PTH, only two had depressed amino acid reabsorption (48) .
The above-mentioned observations suggest that increased PTH secretion per se is not enough to cause hyperaminoaciduria and that additional factors must be involved. We have examined the problem of PTH-related hyperaminoaciduria further by examining the effects of infused calciotropic hormones and cyclic nucleotides on tubular reabsorption of phosphate and of AIB a nonmetabolizable amino acid. Normocalcemic vitamin D-replete rats. either intact or acutely TPTX. were used in these studies.
MATERlALS A N D METHODS
Female, Long-Evans hooded rats (190 to 220 g) were obtained from Canadian Breeding Farms, St. Eustache, Quebec, Canada and anesthetized with Inactin (100 mg/kg) (Henley & Co.. N. Y.). Following dissection of the neck, the thyroid, and parathyroid glands were either left intact (sham operated) or removed (TPTX) -by electric cautery.
Renal clearance studies began 4 to 6 hr following surgery when endogenous PTH and CT had been cleared from the circulation through at least five half-lives. An external jugular vein (for infusions) and a femoral artery (for blood sampling) were catheterized with polyethylene tubing, and the bladder was tied off to reduce dead space as described previously (36) . The animals were infused with a solution containing 60 mM NaCI, 2.3 mM KCI, 1.3 g/dl inulin, and 400 yCi/liter inulin-methoxy ([3H]methoxy, 50 to 150 yCi/g) at 16 ml/kg.hr, to achieve a steady-state of inulin clearance and urine flow following which, seven or eight wnsecutive clearance periods of 30 to 35 min each were obtained. Near the midpoint of the clearance periods, blood samples (80 to 130 pl each) were collected into heparinized capillary tubes. Inulin and AIB in plasma and hematocrit were measured in all periods; plasma phosphate was measured in periods 1, 3, 5, and 7. Urine inulin, phosphate, AIB, and urine volume were measured, and the animal was weighed in each clearance period.
INFUSION OF CALCIUM. CALCIOTROPIC HORMONES. A N D CYCLIC

NUCLEOTIDES
Infusions were performed with a Sage Model-355 Infusion Pump (Orion Res. Inc., Cambridge, MA). The syringe containing the test substance was inserted into the polyethylene tubing delivering the sustaining solution of electrolytes and inulin. Experimental infusions included: (1) calcium chloride, 0.66 mmoles/ghr; (2) PTE. (100 USP units/ml; Lilly, Para-thor-mone) 40 units/ g.hr; (3) purified porcine calcitonin (90 MRC units/mg, generously provided by Dr. Claude Amaud). 25 or SO0 munits/g. hr; (4) dbcAMP (Sigma Chemical Co.. St. Louis, MO), 15 mg/g.hr; (5) cAMP (Sigma Chemical Co.). S mg/kg.hr. Nucleotides were dissolved in the infusion mixture no earlier than 30 min before their use. PTE was infused undiluted to maintain its stability. CT was dissolved in a solution containing 0.9% NaCl solution and acetic acid (0.01 mM) in the ratio 1: 1 and human albumin (4 mg/ ml). Less than 200 yl of this particular solution was infused per animal; vehicle alone was infused in the control periods.
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RENAL CLEARANCE PROTOCOL P < 0.001) (Fig. 2) . The renal response to PTE is mediated. at Three control clearance periods were obtained on each rat followed by four experimental clearance periods. This allowed each rat to serve as its own control, an approach necessitated by the important (3-fold) interanimal variation in FEAIR (36) .
ANALYTICAL METHODS
Established methods (see Ref. 36 for details) were used for liquid-scintillation counting, verification of the radiochemical purity of [I-I4C]AIB (New England Nuclear, Boston, MA) and inulin ["Hlmethoxy (New England Nuclear) and the measurement of phosphate in plasma and urine.
STATISTICAL METHODS
Analysis of variance (49) was performed on the data for renal clearance, FE, and plasma concentrations of AIB and Pi. The rat, in our preparation, has excellent intraindividual stability of FEAIR. FEp,, GFR, and plasma AIB under control conditions (36) . Data in this report are presented as the mean * S.E. of pooled interindividual differences for the means of the control (first three) clearance periods and for the difference in each experimental clearance period from the control mean to accommodate interindividual variation and permit pooled data to be analyzed from all rats studied under a specific protocol.
RESULTS
least partly, 'bythd generation of ;AMP (I I). Accordingly, the effect of its analog dbcAMP was examined. FEA~B was increased significantly by dbcAMP in the intact rat (AFEA~B, +0.043 * 0.006 after 60 min; P < 0.00 I ) (Fig. 2) .
FEp, increased significantly (P < 0.001) when either PTE or dbcAMP was given to the intact animal ( Fig. 2 ). PTE and dbcAMP had opposing effects on GFR on the intact sham-operated animal (Fig. 2) , despite their similar effects on FEAIR and FEp,. PTE produced a significant fall in GFR (AGFR -0.33 * 0.06 after 60 min; P < 0.001) whereas dbcAMP increased it slightly (P < 0.05, first 30 min period only).
TPTX Animal. Neither PTE nor dbcAMP altered FEA~B in the TPTX rat (Fig. 3 ). This is a key finding in the present study. Both agents increased FEp, significantly in the TPTX rat (P < 0.001) (Fig. 3) .
The time course of the phosphaturic response to PTE was slower in the TPTX animals when compared to that of the intact rat (difference between AFEp, in the first treatment period of the two groups; P < 0.001). and the phosphaturia provoked by dbcAMP was greater in TPTX rats ( P < 0.001) than in the intact animal given the same dose of nucleotide (namely, Fig. 3 versus Fig. 2 ). The greater filtered load of Pi in TPTX animals may explain the greater FEp, in the latter following dbcAMP.
GFR was decreased by PTE (AGFR. -0.13 * 0.05 after 30 min; P < 0.001) and increased by dbcAMP (AGFR, +0.13 f within 30 min, P < 0.005) (Fig. 3) ; these responses in GFR to the two agents are similar to those seen in the intact rat. the change from control being greater for phosphate than for AIB.
( AFEp,. +O. 13 * 0.00 1 after 60 min; P < 0.00 I), and reduced GFR GFR was not altered by TPTX.
(AGFR, -0.16 * 0.05; P < 0.005).
The resDonse to calcium (infused as CaC12) was similar to that
RESPONSE TO INFUSION OF PTE OR DBCAMP
f o l l o w i n g ' c~~~ in the T~X rat (Fig. 3) . F E A~B fell (AFEAIB, -0.035 * 0.007 after 30 min; P < 0.01). FEp, increased after 60
Intact Animal. PTE given to the intact rat increased F E A~ min (AFEp, +0.017 f 0.01; P < 0.001), and GFR fell (AGFR.
significantly AFEAIR. +6061 f 0.016, mean f S.E. after 60 min; -0.125 * 0.~04 after 30 min; P < 0.01). The change in phosphaturia Numbers above each set of data are mean * S.E. of absolute values for the group in periods one through three. 
AGFR, (ml/m~n) t o 2 ,
Time, rnin Time, rnln 71rne. min Fig. 3 . AFEA~B, AFEr,, and AGFR as a function of time in the TPTX rat group. Calciotropic agents and CaClp were administered. and their effect was measured as explained in Figure 2 . Number of animals in each group shown in Table I. could be attributed to known effects of concurrent hypercalcemia these five animals showed the aforementioned responses in FEA1n on phosphate metabolism (13) .
and FEp,.
RESPONSE T O CALCITONIN INFUSION: TPTX RAT EFFECT O F CYCLIC NUCLEOTIDES AND HORMONES ON:
CT increased AIB excretion significantly (AFEAIR, +0.064 f Plasma Calcium. The plasma level of calcium was stable in the 0.005 after 30 min; P < 0.001). but it had no effect on FEp, in the intact and TPTX rat (Table I) . TPTX reduced plasma total TPTX rat (Fig. 3) . CT produced fluctuations in GFR, but this calcium ( P < 0.001), as expected. Infusion of PTE and dbcAMP response was limited to two rats given 500 munits/kg. hr. In 5 rats into the intact rat had no effect on total plasma calcium; in the given 25 munits/kg. hr, the control GFR was 2.04 f 0.06 ml/min TPTX rat, PTE, CAMP, and CaCI2 raised it significantly (see (mean f S.E.; n = 15). and it did not change with CT infusion Table I for P values), dbcAMP had no effect. and CT lowered it (2.06 f 0.08 pl/min, mean f S.E.; n = 20) during CT infusion; (P < 0.001). ] and Filtered Load of AIB. Plasma [AIB] was the intact and TPTX rat ( Table 2) . TPTX increased plasma stable in the intact and TPTX rat under control conditions ( Fig.   phosphate ( P < 0.001) . The anticipated fall in plasma phosphate 4). Infusions of dbcAMP and C T into the intact and TPTX rat was observed following infusion of PTE and dbcAMP in both the were each followed by significant changes in plasma [AIB] . The intact and TPTX rat ( P < 0.001). cAMP and C T reduced plasma fall in plasma [AIB] following dbcAMP infusion in the intact rat phosphate ( P < 0.001) in the TPTX rat, while CaC12 had no effect. ( P < 0.001) (Fig. 4) was accompanied by a reciprocal increase in n.s.' n.s. n.s. n.s. n.s. P < 0.005 P < 0.001 P < 0.01 P < 0.001
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Mean * S.E.
NO infusion was given to rats reported in first two columns.
Tests of significance were determined by analysis of variance (48) for preinfusion periods versus postinfusion periods.
' n.s., not significant. No infusion was given to rats reported in first two columns.
Tests of significance were determined by analysis of variance (48) for preinfusion periods versus postinfusion periods. ' n.s., not significant. Table I. FEAIR (Fig. 2) ; the latter was not accounted for by significant net change in filtered load because G F R increased during the abovementioned changes in plasma [AIB] and FEAIR. Despite a similar fall in plasma [AIB] ( P < 0.001) in the TPTX rat following dbcAMP infusion (Fig. 4) . and a similar increase in G F R (Fig. 3) , FEAIH did not increase. On the other hand, C T both decreased plasma [AIB] (Fig. 4) and increased F E A~R (Fig. 3) in the TPTX rat.
I n t a c t
T P T X T i m e , rnin
DISCUSSION
PTE increased renal excretion of AIB in the intact, vitamin Dreplete animal in our study. Micropuncture in the intact rat was used previously by Gekle (19) to confirm that PTH will decrease net reabsorption of natural amino acids in situ. These findings seem to support the hypothesis that the hyperaminoaciduria associated with deficiency of vitamin D (17) or calcium (28, 33) in both man and the rat (23) is caused by the hyperparathyroidism that occurs with these hypocalcemic conditions. However, other forms of hyperparathyroidism in man are not uniformly associated with impaired renal reabsorption of amino acids (14, 39. 48 ). An explanation for the irregular effect of PTH on tubular reabsorption of amino acids and for its mechanism of action in causing hyper-
aminoaciduria is offered by the study reported here.
The failure to increase renal excretion of AIB following infusions of PTE and dbcAMP in the TPTX rat is the key observation in our investigation. Because prolongation of the PTE infusion up to 12 hr in the TPTX rat, and EGTA infusion suff~cient to cause hyperparathyroidism in the intact animal (35) both failed to elicit hyperaminoaciduria, we must conclude that hyperparathyroidism by itself is an insufficient condition for impaired tubular reabsorption of amino acids.
A permissive effect of the thyroid gland on the genesis of hyperaminoaciduria following infusions of PTE and dbcAMP is indicated. Increased secretion of either thyroxin or calcitonin could be involved. PTH itself is not expected to alter thyroid hormone secretion. Although secretion o f thyroid hormoneis an adenyl cyclase-dependent mechanism, which can be stimulated by dibutyryl cAMP (16) . the rapid change in AIB excretion following dbcAMP is inconsistent with the characteristically slow response of cellular events to the hormone (22) . Furthermore, hyperthyroidism is not known to cause hyperaminoaciduria (47) .
Increased secretion of calcitonin follows exposure of the thyroid gland to the dbcAMP, both in vitro (4) and in vivo (8). Although PTH does not stimulate calcitonin secretion directly, its hypercalcemic effect is a potent stimulus for C T release experimentally (43) . Persistence of normocalcemia in the PTE-infused intact animal is evidence that calcitonin released by the thyroid gland, could have been significant in our experiments; plasma calcium was increased by PTE only in the TPTX rat in our experiments.
Calcitonin promptly increased AIB excretion in the TPTX rat. We observed a similar effect in the single intact animal that we studied (35) . The small but significant decrease in baseline FEAIR in the TPTX rat is also consistent with an effect of C T in vivo at physiologic concentrations. Small infusions of C T (25 munits/kg. hr) did not alter G F R or urine flow rate while FEAIR was increasing. Other workers (42) have shown that C T does not alter renal plasma flow. Thus, there is no evidence that the increase in AIB excretion induced by C T is secondary to altered renal hemodynamics.
The lack of a phosphaturic effect following C T infusion in our TPTX (and intact) rats concurs with some studies (50) . but conflicts with others (41) . The reasons for these varying results are unclear (2) . but some of the differences may be dose related, an impression supported by Robinson et al. (45) . For example, although the effect on amino acid excretion in our studies was obtained with 25 munits/kg.hr of porcine Ct, the dose used to achieve phosphaturia with the more potent salmon in other experimental (41) was -3200-fold larger. We suggest that induction of phosphaturia may be a pharmacologic rather than a physiologic action of CT.
It is not known whether the renal effects of C T are mediated by CAMP. CT-responsive adenyl cyclase activity has been identified largely in the medullary and cortical portions of the thick ascending limb and in the distal convoluted tubule (9) . Whether these regions of the nephron could be the sites of decreased AIB uptake from the lumen or of an increased cell-to-lumen flux of AIB (36) remains to be determined. Borle (6) suggests that a major effect of C T is to lower the cytoplasmic calcium ion concentration. A depression of cytoplasmic calcium has been found in renal cells of vitamin D-deficient chicks (7) . A role for cytoplasmic calcium in the control of membrane permeability has been recognized in other tissues (7, 34. 44) . Increased permeability to ions and other solutes follows elevation of cytoplasmic calcium (3, 21, 29, 46) . Consequently, a depression of renal cytoplasmic calcium might decrease permeability of the brush border membrane. thereby impairing net reabsorption of amino acids. Therefore, depletion of cell calcium stores. with a fall in cytoplasmic calcium ion and membrane permeability, might be the common denominator underlying the tubular dysfunction in calcium deficiency, vitamin D deficiency, and isolated deficiency of 1.25-dihydroxycholecalciferol (15) . We can speculate further that decreased cytoplasmic calcium ion migh<occur in some target organs in hyperparathyroidism because of increased calcitonin release (24) and relative deficiencv . .
of vitamin D hormone (32, 54).
There is some evidence that alterations in renal hemodynamics may play a role in the tubulopathy of primary and secondary hyperparathyroidism (37) . This is a particular problem when PTE is used instead of PTH, as was the case in our studies. Perturbation of renal hemodynamics by PTE was indicated by the fall in G F R and urine flow rate in our intact and TPTX rats. However, it is unlikely that these changes are responsible for increased F E A~R in the intact PTE-infused rat because FEAIR in TPTX rats was unaffected by PTE, despite changes in G F R and flow rate analogous to those found in intact animals. With dbcAMP infusion, an increase in G F R and urine flow rate occurred in the intact and TPTX animal, yet AIB excretion still increased in the intact group. Thus, while PTE and dibutyryl cAMP both increase FEA~R in intact rats, they have divergent effects on GFR.
Further evidence against a simple relationship between G F R and FEAIR, in response to calciotropic agents, is found in our studies with cAMP and CaCI2. Decreased renal blood flow and G F R in response to cAMP has been described previously (20, 27) . Although the fall in G F R induced by calcium may be PTH dependent (25) . we still observed this response in TPTX rats. Because G F R decreased in situations in which FEAIR either fell (calcium and cAMP infusions in TPTX rats). remained unchanged (PTE infusion in TPTX rats). or rose (PTE infusion in the intact rat), or G F R increased in situations in which FEAIR either rose (dibutyryl cAMP infusion in the intact rat) or remained unchanged (dbcAMP infusion in TPTX rats), we must conclude that hemodynamic changes are an insufficient explanation for the changes in F E A~R in response to calciotropic agents.
It is probable that the alterations in G F R induced by PTE are not the effect of parathyroid hormone itself but rather of contaminants in the extract (2) . Dibutyryl cAMP has been reported to be without effect on the renal vasculature of the dog (20) . but other studies suggest that it has vasodilatory actions (5, 27) which could be consistent with the effects we observed.
Finally, there is a particular effect of dbcAMP to be considered. Plasma [AIB] fell in the intact and TPTX rat treated with the nucleotide. This change cannot be related to increased urinary loss of AIB alone, although the rapid decrease in plasma [AIB] in the intact rat may reflect the increased renal excretion of amino acid. Enhanced AIB uptake by liver and other organs (10, 39, 53) is probably an important cause for the fall in plasma [AIB] following treatment with dbcAMP. However, this analog depletes kidney of AIB in situ (18) . a decrease which could reflect increased flux of AIB from cells to lumen (36) .
CONCLUSION
Hyperparathyroidism has been proposed as an essential cause of hyperaminoaciduria and hyperphosphaturia in vitamin D de-EFFECT OF CALCIOTROPIC HORMO NES AND CYCLIC NUCLEOTIDES ficiency and dietary hypocalcemia. However, primary hyperparathvroidism is not uniformly accompanied by hyperaminoaciduria. ~i i s discrepancy has be& invesiigated f;rth;r in a rat model using the inert amino acid AIB as a probe of amino acid reabsorption in vivo. We observed that PTE and dbcAMP increased FEAIR and F E p , in the intact, sham-operated rat whereas neither agent increased F E A~~ in the TPTX animal. In the latter, small doses of C T (25 munits/kg.hr) increased F E A~ significantly without change in FEp,. These findings indicate different mechanisms for hyperaminoaciduria and hyperphosphaturia in response to calciotropic agents. We propose that net reabsorption of amino acids in hyperparathyroid states is modulated by CT, perhaps through its effect on cytosol calcium and membrane permeability of renal tubular epithelium.
